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Molecular Simulations of Mutually Exclusive Folding in a Two-Domain
Protein Switch
Lillian T. Chong.
University of Pittsburgh, Pittsburgh, PA, USA.
A major challenge with testing designs of protein conformational switches is
the need for experimental probes that enable the individual domains to be in-
dependently monitored. One way to circumvent this issue is to use a molecular
simulation approach in which each domain can be directly observed. Here we
report the first molecular simulations of mutually exclusive folding in an engi-
neered two-domain protein switch, providing a detailed view of how folding of
one protein drives unfolding of the other in a barnase-ubiquitin fusion protein.
These simulations successfully capture the experimental effects of interdomain
linker length and ligand binding on the extent of unfolding in the less stable do-
main. In addition, the effect of linker length on the potential for oligomeriza-
tion, which eliminates switch activity, is in qualitative agreement with
experiment. We also perform the first simulations exploring the ease of unfold-
ing a protein via localized compression. Finally, we report the effect of linker
length on rates of unfolding and refolding of each domain, providing novel ki-
netic insights on mutually exclusive folding. Our results demonstrate that mo-
lecular simulations can be useful virtual assays of switch activity that can aid
the rational design of bi-functional switches.
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Exploring the Trafficking, Ligand-Binding Activity, and Unfolding of
a Model GPCR
Andrea N. Naranjo1, Michelle A. O’Malley2, Amy N. Chavalier1,
Anne S. Robinson1.
1University of Delaware, Newark, DE, USA, 2Massachusetts Institute of
Technology, Cambridge, MA, USA.
G protein-coupled receptors (GPCRs) are integral membrane proteins vital for
cellular signaling and constitute one of the major drug targets. Despite their im-
portance, relatively little information regarding their structure, folding, and sta-
bility has been published.
This work describes the impact of disulfide bonds on the expression and struc-
tural stability of the human adenosine receptor, A2A (hA2AR). The crystal struc-
ture of this receptor revealed four disulfide bonds present in extracellular loops
that could contribute to expression, stability, or ligand binding or to a combina-
tion of these.
To test the role of these residues, cysteine to alanine mutants of hA2AR were
created; expression and ligand-binding activity of the constructs were tested
in mammalian (HEK293) and yeast (Saccharomyces cerevisiae) cells. Once pu-
rified from yeast, unfolding of the hA2AR through thermal and chemical means
was monitored via intrinsic tryptophan fluorescence and circular dichroism.
The effect of ligand addition and reduction of disulfide bonds was also
investigated.
Thermal and chemical denaturation were not reversible, yet clear differences in
the unfolding behavior were observed upon ligand binding via circular dichroism
and fluorescence spectrometry. We found that the stability of hA2AR was in-
creased upon incubation with the agonist N6-cyclohexyladenosine or the antag-
onist theophylline. When extracellular disulfide bonds were reduced with
a chemical reducing agent, the ligand binding activity decreased by ~40%, but re-
duction of these bonds did not compromise the unfolding transition observed via
urea denaturation. Overall, these approaches offer a general strategy for charac-
terizing the effect of disulfide bonds and ligand effects on the stability of GPCRs.
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Determinants of Cooperativity in Repeat Protein Folding
Tural Aksel, Ananya Majumdar, Doug Barrick.
Johns Hopkins University, Baltimore, MD, USA.
Repeat proteins have been popularmodel systems in protein folding research due
to theirmodular architecture.Although each repeat has the same fold, because of
sequence variation, the folding energy is not distributed evenly among the re-
peats. Therefore, it is challenging to quantify the repeat-repeat interactions
and the intrinsic folding energies of every repeat. To overcome this difficulty,
we designed a consensus ankyrin repeat(CANK), which is brought together to
make arrays of identical repeats. By solution NMR, we solved the structure of
our three repeat CANK,NRC, and verify that NRCadopts the canonical Ankyrin
repeat protein fold. Our SAXS measurements show that CANKs in different
length arrays also adopt the same fold.Byfittingunfolding transitions of a limited
number of constructs to Ising model, we found that the individual repeats have
low intrinsic stability, but the interfacial interactions are highly stabilizing.
We also extended our Ising formalism to include the temperature dependence
of unfolding free energy and we quantified the enthalpic and entropic contribu-
tion to intrinsic and interfacial stabilities, as well as, the uneven distribution ofheat capacity of unfolding into the intrinsic and interfacial components. Our re-
sults suggest that intrinsic folding resembles secondary structure formation(loss
of conformational entropy) and interfacial folding involves hydrophobic desol-
vation(entropy increase and negative heat capacity change upon folding). To
separate out the contribution of long range electrostatics to intrinsic and interfa-
cial stability, we measured the salt dependence of CANK stabilities. Our results
show that NaCl stabilizes the interfaces and has marginal destabilizing effect on
intrinsic stability. Currently we are trying to identify the charge-charge interac-
tions responsible for the high salt dependence of interfacial stability by NMR
techniques and single point substitutions.
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Outer Membrane Secretion Efficiency of Autotransporter Virulence
Proteins Correlates with Passenger Domain Folding Properties
Jonathan P. Renn, Mirco Junker, Patricia L. Clark.
University of Notre Dame, Notre Dame, IN, USA.
Autotransporters (ATs) are the largest class of extracellular virulence proteins
secreted from Gram-negative bacteria. Each AT is synthesized as a tripartite
pre-protein containing an N-terminal signal sequence that directs secretion
across the inner membrane, a central ‘‘passenger’’ domain that becomes the
mature extracellular virulence protein, and a C-terminal outer membrane
(OM) porin domain that is essential for OM transport. AT passenger domains
have highly diverse sequences, lengths, and functions, but almost all are pre-
dicted to contain b-helical structure. It was originally proposed that an AT
protein autonomously catalyzes transport of its own passenger domain across
the OM, but recent results have cast doubt on this model. Moreover, in the
absence of a significant quantity of ATP or proton gradient across the OM,
the driving force for efficient OM secretion remains unclear. Here we
demonstrate a direct correlation between localized regions of AT passenger
domain stability (DGunfolding) and OM secretion efficiency. Destabilizing the
C-terminus of a passenger domain b-helix significantly reduced OM secretion
efficiency. In contrast, destabilizing more N-terminal portions of the passen-
ger domain produced a linearly correlated increase in OM secretion efficiency.
Thus, C-terminal passenger domain stability facilitates OM secretion, whereas
N-terminal stability hinders it. The contributions of regional passenger stabil-
ity to OM secretion efficiency demonstrate a crucial role for the passenger do-
main itself in directing its secretion across the OM. These results indicate that
the folding properties of distinct regions of the passenger domain provide a di-
rected molecular driving force, for use as a generalized transporter device.
The regionalized distribution of AT passenger domain stability provides
a unique solution for the directed transport of macromolecules across biolog-
ical membranes, defining a new category of ATP-independent Brownian
motor.
Platform AY: Calcium Signaling Pathways
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Phospholipase C-Epsilon Couples cAMP Production and Epac2 Activation
to the Facilitation of Calcium-Induced Calcium Release (CICR) in Pancre-
atic Beta Cells
George G. Holz1, Igor Dzhura1, Oleg Chepurny1, Colin A. Leech1,
Elvira Dzhura1, Parisa Afshari1, Grant G. Kelley1, Michael W. Roe1,
Michael J. Rindler2, Xin Xu3, Youming Lu3, Sundeep Malik4,
Alan V. Smrcka4.
1State University of New York Upstate Medical University, Syracuse,
NY, USA, 2New York University School of Medicine, New York, NY, USA,
3Louisiana State University School of Medicine, New Orleans, LA, USA,
4University of Rochester School of Medicine, Rochester, NY, USA.
We provide the first report that a novel phosphoinositide-specific phospholi-
pase C-epsilon (PLC-epsilon) is expressed in the islets of Langerhans, and
that the knockout (KO) of PLC-epsilon gene expression in mice disrupts the ac-
tion of GLP-1 receptor agonist Exendin-4 to facilitate CICR in the beta cells of
these mice. Thus, in the present study in which wild-type (WT) C57BL/6
mouse beta cells were loaded with the photolabile Ca2þ chelator NP-EGTA,
the UV flash photolysis-catalyzed uncaging of Ca2þ generated CICR in only
9% of the beta cells tested, whereas CICR was generated in 82% of the beta
cells pretreated with Exendin-4. This action of Exendin-4 to facilitate CICR
was reproduced by cAMP analogs that activate PKA (6-Bnz-cAMP-AM) or
Epac2 (8-pCPT-2’-O-Me-cAMP-AM) selectively. However, in beta cells of
PLC-epsilon KO mice, and also Epac2 KO mice, these test substances ex-
hibited differential efficacies in the CICR assay such that Exendin-4 was
partially effective, 6-Bnz-cAMP-AM was fully effective, and 8-pCPT-2’-O-
Me-cAMP-AM was without significant effect. Importantly, transduction of
PLC-epsilon KO beta cells with recombinant PLC-epsilon rescued the action
of 8-pCPT-2’-O-Me-cAMP-AM to facilitate CICR, whereas a K2150E
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PLC-epsilon that is catalytically dead, were both ineffective. Since 8-pCPT-
2’-O-Me-cAMP-AM failed to facilitate CICR in WT beta cells transduced
with a GTPase activating protein (RapGAP) that down-regulates Rap activity,
the available evidence indicates that a signal transduction ‘‘module’’ comprised
of Epac2, Rap, and PLC-epsilon exists in beta cells, and that the activities of
Epac2 and PLC-epsilon are key determinants of CICR in this cell type.
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PKA is a Control Node in a Calcium-Dependent Oscillatory Circuit in Pan-
creatic Beta Cells
Ambhighainath Ganesan, Qiang Ni, Nwe-Nwe Aye-Han, Xinxin Gao,
Michael D. Allen, Andre Levchenko, Jin Zhang.
Johns Hopkins University School of Medicine, Baltimore, MD, USA.
Protein Kinases are often critical nodes in signaling cascades that encode di-
verse inputs and effect appropriate outcomes requiring complex spatiotemporal
regulation of kinase activities. We show here using FRET-based biosensors that
calcium, cAMP and PKA activity oscillate synchronously in insulin secreting
MIN6 pancreatic beta cells, suggesting the presence of a tightly regulated
oscillatory circuit involving PKA mediated feedback onto calcium signaling.
We observed that PKA is essential for this circuit as well as capable of
initiating oscillations. Further, mathematical modeling in conjunction with
experimentsindi-
cates that PKA
activity could
modulate the fre-
quency of oscil-
lations resulting
in diverse spatio-
temporal out-
comes (simula-
tions shown in figure).
Catalytic subunits of PKA could be periodically released and recaptured for
‘‘local’’ target phosphorylation at low frequency conditions (left panel). How-
ever, at high frequency conditions (right panel), the mean PKA activity (dotted
line) may cross an arbitrary threshold (dashed line) leading to continued release
of catalytic subunits resulting in phosphorylation of ‘‘global’’ targets. Our find-
ings therefore suggest that temporal regulation of PKA activity could be used to
control complex cellular functions and thus influence the functionality of the
pancreatic beta cell.
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Basal Phospholipase C (PLC) Activation is Obligatory for Cardiac Pace-
maker Activity
Tatiana M. Vinogradova, Edward G. Lakatta.
NIA, NIH, Baltimore, MD, USA.
Spontaneous firing of sinoatrial node cells (SANC) is controlled by sarcoplas-
mic reticulum (SR) generated local subsarcolemmal Ca2þ releases (LCRs)
which appear during diastolic depolarization and activate an inward Naþ-
Ca2þexchange current, regulating diastolic depolarization rate and SANC
beating rate. Whether the ubiquitous enzyme, PLC that plays a key role in
Ca2þ signaling of numerous cell types, controls spontaneous SANC firing is
unknown. Here we show that PLC inhibitor U-73122 (6mmol/L, n=7), but
not its inactive analog U-73343 (n=4), stops spontaneous firing (perforated
patch-clamp recordings) of freshly isolated rabbit SANC, indicating important
role of basal PLC activity for cardiac pacemaking. To determine whether sig-
naling via the cAMP-sensor Epac elevates PLC activity in SANC and stimu-
lates PLC-mediated IP3-dependent Ca
2þ release, we employed Epac activator
cpTOME or IP3 receptor inhibitor 2-APB, respectively. Neither cpTOME (10
mmol/L, n=3), nor 2-APB (2 mmol/L, n=4) altered the spontaneous SANC
beating rate. PLC inhibition by U-73122, in a time-dependent manner, sup-
pressed LCRs (confocal microscopy, Ca2þindicator Fluo-3), i.e. decreased
LCR’s size, amplitude and prolonged the LCR period (the interval between
AP-induced Ca2þ transient and subsequent LCR); afterwards eliminated
LCRs and stopped SANC firing. The time-dependent increase in the LCR pe-
riod predicted the concomitant increase in the spontaneous cycle length, sug-
gesting that Ca2þ cycling could be a major target of PLC-dependent control of
SANC firing. LCRs are critically dependent upon amount of Ca2þ in SR, sup-
plied by L-type Ca2þcurrent (ICa,L). U-73122, but not U-73343, markedly sup-
pressed ICa,L amplitude (from 11.854.8 to 5.952.4 pA/pF, n=6,
P<0.001). We conclude that PLC-dependent control of spontaneous SANC
firing, independent of either Epac signaling or IP3-dependent Ca
2þ release,
regulates Ca2þ influx through L-type Ca2þ channels and, thus, SR Ca2þ cy-
cling and via these mechanisms, in part at least, is obligatory for SANC nor-
mal automaticity.2813-Plat
Altered Nuclear Calcium Signaling in Tachycardia-Induced Remodeling
in Rabbit Atria: A Mechanism of Altered Excitation-Transcription Cou-
pling in Atrial Fibrillation?
Benoit-Gilles Kerfant, Marion Kuiper, Arne Van Hunnik, Maura Greiser,
Sander Verheule, Ulrich Schotten.
CARIM, Maastricht, Netherlands.
Nuclear calcium (Ca2þ) signalling play a major role in cardiac excitation-
transcription coupling. The origin of nuclear Ca2þ transient is still controver-
sial. It has been suggested that Ca2þ diffusion from the cytosol through the nu-
clear pores or perinuclear and intranuclear Ca2þ release mechanisms, mostly
via the inositol-3-phosphate receptors (IP3R), participate to nuclear Ca2þ tran-
sient. In rabbits subjected to rapid atrial pacing (RAP, 600bp, 5 days), a model
for atrial fibrillation (AF), we recently observed that central-cellular, but not
subsarcolemmal Ca2þ transient, was largely reduced. Since nuclei are often
at the center of atrial myocytes, we hypothesized that nuclear Ca2þ transient
is also decreased in RAP cells. Using confocal microscopy we recorded trans-
verse line-scan images in field-stimulated sham and RAP atrial cells. Nuclear
Ca2þ transient amplitude in relation to subsarcolemmal Ca2þ transient was
decreased in RAP compared to sham cells (at 1Hz, DFnuclear/DFsubsarcolem-
mal was 0,3850,03 in 17 RAP cells, compared to 0,8150,06 in 16 sham cells,
p<0,01). Isoproterenol restored central-cellular as well as nuclear Ca2þ tran-
sient amplitude in RAP cells. Interestingly, at 2,5Hz, in 9 out of 16 sham cells
and in 4 out of 16 RAP cells, a nuclear Ca2þ transient did not follow the cy-
toplasmic Ca2þ transient suggesting that cytosolic Ca2þ diffusion is not the
only mechanism eliciting atrial nuclear Ca2þ transient. Indeed, we observed
that, in RAP, L-phenylephrine enhanced both nuclear Ca2þ transient and peri-
nuclear Ca2þ release, via the IP3R, while it had no effect in sham cells. Taken
together, our data indicate that both cytoplasmic Ca2þ transient and perinu-
clear Ca2þ release determine atrial nuclear Ca2þ transient. Furthermore, nu-
clear Ca2þ transient is reduced while IP3-mediated nuclear Ca2þ signalling
is enhanced in RAP, possibly affecting Ca2þ-mediated transcription pathways.
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Alterations of Membrane Currents, Contractility and Calcium Signaling
in Gq/G11 Single and Double Ko Mice
Qinghai Tian, Sara Pahlavan, Sandra Ruppenthal, Anke Scholz,
Kathrina Wiesen, Martin Oberhofer, Lars Kaestner, Peter Lipp.
Saarland University, Homburg/Saar, Germany.
In contrast to its role in pathophysiology very little is known about the role of the
Gq/G11 signaling cassette in the physiology of cardiac myocytes. We have gen-
erated transgenic mice combining a G11-KO approach with the Cre-
recombinase tool to knock-down (KD) Gq in a tissue-specific inducible manner.
Western-blot analysis depict the rapid loss of Gq protein in less than 2 weeks
while the use of a reporter mouse substantiated tissue specificity. We analyzed
the effects of (i) Cre expression, (ii) vehicle/Tamoxifen injection, (iii) G11-
KO and (iv) Gq-KD on resting potential and capacitance, action potentials
(AP) and I(to) by patch-clamping ventricular myocytes. Calcium homeostasis
was investigated by Fura2 video-imaging and contraction behavior by measur-
ing sarcomere length. While basic cellular parameters were largely unchanged
(cell capacitance, resting membrane potential) in all genotypes and treatments,
AP, calcium handling and contractile behavior were altered by vehicle/Tamox-
ifen injection,G11-KOandGq-KD.Vehicle injection alone caused upregulation
of I(to) and shortening of APs similar to G11-KO. In contrast additional Gq-KD,
restorated‘‘ AP properties and I(to). Vehicle injection itself into wt mice caused
increases in basal calcium that were absent after Tamoxifen injection, Cre ex-
pression had mild effects on calcium handling. Tamoxifen injection and Gq/
G11-KO caused major changes in calcium handling and contractile behavior.
In conclusion, despite the broad application of the Cre-recombinase system,
care has to be taken for possible effects of Cre expression and vehicle/Tamoxifen
injection. TheGq/G11 signaling systemplays an important role in the physiolog-
ical modulation of proteins involved in electrophysiology and calcium homeo-
stasis most likely regulated by basal levels of neurohormonal stimulation.
This work was supported by the DFG (KFO196) and the Medical Faculty
(HOMFOR).
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Nuclear Inositol 1,4,5-Triphosphate is an Absolut Requirement for Cardi-
omyocyte Hypertrophy
Lilian M. Arantes1, Carla J. Aguiar1,2, M. Jimena Amaya3, S. Guatimosim1,
M. Fa´tima Leite1,4.
1UFMG, Belo Horizonte, Brazil, 2Izabela Hendrix Institute, Belo Horizonte,
Brazil, 3Yale School of Medicine, New Haven, CT, USA, 4Howard Hughes
Medical Institute, Chevy Chase, MD, USA.
Ca2þ mediates a wide range of cellular responses and the release of this ion
from inositol 1,4,5-triphosphate receptor (InsP3R) is known to play a critical
